The design and simulation of a wide angle, spectrally selective absorber/emitter metallic photonic crystal (MPhC) is presented. By using dielectric filled cavities, the angular, spectrally selective absorption/emission of the MPhC is dramatically enhanced over an air filled design by minimizing diffraction losses. Theoretical analysis is performed and verified via rigorous coupled wave analysis (RCWA) based simulations. An efficiency comparison of the dielectric filled designs for solar thermophotovoltaic applications is performed for the absorber and emitter which yields a 7% and 15.7% efficiency improvement, respectively, compared to air filled designs. The converted power output density is also improved by 33.5%. Celanovic, and R. D. Geil, "Large-area fabrication of high aspect ratio tantalum photonic crystals for hightemperature selective emitters," J.
Introduction
Thermophotovoltaic (TPV) systems are a promising technology to convert thermal energy into electricity by means of a selective emitter and a photovoltaic cell (PVC). For certain applications, a selective absorber may be used as well. Heat sources for TPV systems range from chemical micro-combustors [1,2], furnaces [3] , to concentrated solar energy [4] [5] [6] . For TPV systems, the spectral selectivity of the absorbers/emitters is critical for efficient energy conversion. Similarly, the angular performance of the absorbers/emitters directly impacts the overall system efficiency and power density for many TPV systems. Specifically, solar TPV (STPV) systems require both spectrally selective and wide angle absorbers/emitters, such as shown in Fig. 1(a) .
In this system, a solar concentrator focuses radiation onto the selective absorber which converts the irradiation to heat while minimizing thermal emission loss. With increasing levels of optical concentration, sunlight is delivered at increasing angles of incidence. Furthermore, actual optical concentrators typically deliver diffuse-like radiation to the absorber due to non-idealities and practical design considerations. Ideal solar absorbers, thus, possess large acceptance angles for absorption at wavelengths below a cut-off wavelength () c   , while maintaining low hemispherical emissivity above the cut-off () c   , On the opposing side of the absorber is a selective emitter, which thermally emits the absorbed energy towards a PVC. By matching the spectrum of the emitter to the bandgap wavelength () g  of a PVC, the amount of non-converted radiation by the PVC can be significantly reduced. To maximize the energy conversion efficiency and the power density of TPV systems, ideal emitters display high emissivity below g  while maintaining spectral selectivity at large angles. Spectrally selective absorbers/emitters have been previously demonstrated via 1D [7] , 2D [8] [9] [10] [11] , and 3D [12] metallic photonic crystals (MPhC). The 2D MPhC structure has shown great potential as selective absorbers/emitters due to its high temperature stability [13, 14] and fabrication scalability [8] .
However, traditional 2D MPhC radiation profiles are largely limited to a direction close to normal. Previously reported MPhCs show the radiation profiles falling from peak emissivity at approximately ± 30° from normal incidence [8] . Such limited angular emission profiles negatively impact the overall efficiency and power density of TPV applications. Recent metamaterial based absorbers do show improved angular performance, however the narrow bandwidth of the previous designs severely impact the overall absorber/emitter power density in TPV systems [15] [16] [17] . Metamaterial designs based on metal dielectric stacks show wide angle and wide bandwidth performance [18] [19] [20] [21] [22] , but are difficult to fabricate with high temperature compatible materials.
Our proposed dielectric filled 2D MPhC design, shown in Fig. 1(b) , overcomes the narrow angular emission of previous designs, thus increasing the overall energy conversion efficiency and power density of TPV systems. Here, we present the theory and simulation results to demonstrate the improved angular performance of the dielectric filled MPhCs in comparison to air filled MPhCs. An efficiency comparison of the dielectric filled absorber and emitter MPhC in a STPV system is performed, which yields a 7% and 15.7% efficiency improvement relative to an air filled absorber and emitter MPhC design. Furthermore, we have previously reported using dielectric filled cavities to improve the thermal stability of silicon nanostructures as well as reduced cavity aspect ratios for ease of fabrication, thus revealing other benefits of the dielectric filling [14, 23] . The optical performance enhancements of dielectric filled metallic cavities are presented.
Theory
To improve the angular absorption/emission of the MPhC, we aim to reduce diffraction losses at oblique angles. To do so, the period of the MPhC needs to be reduced while keeping the cavity modes' wavelengths constant. We will see that this can be accomplished by adjusting the index n of the cavity. By using the diffraction grating equation, we calculate the minimum ratio / a  required to avoid diffraction losses up to an incident angle of 90
The selective absorption/emission of the MPhC is controlled by the cut-off wavelength of the cylindrical cavity modes. For incident light with free-space wavelength greater than the cut-off wavelength of the cavity () c   , the incident light has no supported cavity mode to couple into, and the light is thus reflected. For incident light with free-space wavelength less than the cut-off wavelength of the cavity () c   , the incident light couples into the cavity modes and thus absorption is enhanced due to the increased interaction time with the metallic walls. The cavity modes for a cylindrical waveguide with real metals, as shown in Fig. 1(b) , can be analytically calculated by [24] 2 (
where ij  is the free-space wavelength of the cavity mode ( , ) ij, r is the radius of the cavity,  of the photovoltaic cell, and is thus a predefined constant. As a result, the cavity radius and index can be adjusted to match a particular cut-off wavelength. By choosing a cavity index 1 n  , the radius of the cavity can be reduced by a factor proportional to n.
In order for incident light at oblique angles to efficiently couple into the cavity modes, diffraction losses must be minimized. Diffraction losses allow free-space radiation to reflect into undesired diffraction channels instead of coupling into the cavity modes [8, 25, 26] . Such channels are undesired because, as previously discussed by Ghebrebrhan et. al., diffraction destroys the Q-matching condition between the radiative Q rad and the absorptive Q abs of the cavity, thus reducing absorption. To analyze diffraction in the case of the MPhC grating structure, we begin with the grating equation
where a is the period, i  , the period a must be reduced. In fact, the period need only be a factor of 2 ( / 2) a   smaller than the free-space wavelength for i  to be 90° at the 1 m  mode (the cut-off mode). The expression in Eq. (3) is also used for calculating the angle and wavelength of Wood's anomaly, which will be discussed later in this paper [27] . However, if the cavity is filled with a dielectric with 1.3 n  , the radius reduced to 450 r  nm , 1,1 2μm   , then the ratio 1,1 /2 a   which yields a maximum incident angle of 90° as shown in Fig. 2 . Thus even a small increase in the cavity index from 1 n  to 1.3 n  can increase the incident angle from 34.8° to 90° without incurring diffraction losses, at the cut-off wavelength. To avoid diffraction losses for higher order modes, higher values of the cavity index will be needed.
The reasoning above explains the limited absorption/emission performance of previously published MPhC devices. For example in the MPhC design by Yeng et. al., the ratio / 1.53 a the rigorous coupled wave analysis (RCWA) via the freely available software package S4 [29] . Simulated emission spectrums are taken from the simulated reflection spectrums R from an incident plane wave with electric field E x , magnetic field H y , and wavevector k z . For opaque materials, the absorption A can be related to the reflection via 1 AR  . The subsequent emission spectrum E can be related to the absorption via Kirchoff's law, where an object in thermal equilibrium emits as much radiation as is absorbed, or EA  . A complex permittivity model (Lorentz-Drude model) of tungsten is used in the simulations which is obtained from experimentally measured emittance of flat tungsten at room temperature [8] . Tungsten is chosen due to its high temperature stability and low emissivity at long wavelengths. The values of the cavity depths are determined via Q-matched conditions in order to maximize absorption [26] . The dielectric used in all subsequent simulations is an ideal dielectric with no losses and an effective index of n = 1.8, which corresponds to the index of hafnium oxide at a wavelength of 2 µm. For shorter wavelengths, the index increases, thus the chosen value is considered a lower limit. Hafnium oxide is chosen due to its ability to be deposit with the highly conformal atomic layer deposition (ALD) method, its transparent nature in the visible and infrared range (IR), and its high melting temperature.
The simulated emissivity spectrums at various incident angles are shown in Fig. 3 , for both air filled cavities and dielectric filled cavities. All of the emissivity spectrums in Fig. 3 are averaged over both transverse electric (TE) (S-Polarized), and transverse magnetic (TM) (P-polarized), polarized light. The spectrums in Figs. 3(a) and 3(b) are averaged over the azimuthal angles from φ = 0° to φ = 90°, which is equivalent to all azimuthal angles due to the radial symmetry of the MPhC structure. The spectrums in Figs. 3(c) and 3(d) are simulated at φ = 0°.
In Fig. 3(a) , the emissivity spectrum of air filled cavities decays quickly as a function of incident angle, as is consistent with literature [8] . As the incident angle is increased, diffractive losses are increased thus reducing the emissivity. In Fig. 3(b) , the emissivity spectrum for dielectric filled cavities are shown to be more robust to changes in incident angles. Figures 3(c) and 3(d) show the contour plot of the emissivity as a function of the incident angle  and free-space wavelength  at φ = 0° of the air filled cavity in Fig. 3(c) and the dielectric filled cavity in Fig. 3(d) . The diffraction thresholds for up to the first four orders from Eq. (3) are plotted in white. When the free-space wavelength of the two lowest order cavity modes are below the diffraction threshold in Fig. 3(c) , the emissivity is reduced due to diffraction losses. However, in the dielectric filled cavities the reduced period causes the diffraction threshold to decrease in wavelength, and the diffraction losses are significantly reduced. Thus as predicted, the dielectric filled cavities have a more uniform emissivity profile and cut-off wavelength as a function of incident angle than the air filled cavity design. The dielectric filled MPhC design is also robust to changes in azimuthal angle. The azimuthal angle φ impacts the emissivity spectrums since φ changes the effective period seen by in the incident light for nonzero incident angles θ. For example, a square array with period a, as defined in Fig. 1(b) , will have an effective period of 2 aa   at φ = 45°. This effective increase in period will increase the diffraction threshold thus making the emissivity spectrum more sensitive to incident angle θ. The crossing of the cut-off wavelength with the m = 1 diffraction threshold line for the air filled MPhC design, from Fig. 3(a) , will shift from θ = 35° to θ = 6.4° at φ = 45°, thus causing diffraction losses at lower incident angles. Clearly, this change in emissivity will apply to all angles of φ > 0° for the air filled MPhC design. As a result, a difference in the air filled MPhC design is observed between the azimuthally averaged emissivity spectrum of Fig. 3(a) and the contour plot of Fig. 3(c) where φ = 0°. However, for the dielectric filled MPhC design at φ = 45°, the cut-off wavelength is still above the diffraction threshold for all θ, thus significantly reducing the impact of the azimuthal angle φ on the emissivity spectrum. Therefore, the emissivity spectrum of the dielectric filled MPhC is more robust to the azimuthal angle φ than the air filled MPhC design. 
Polarization dependence
At normal incidence, the dielectric filled cavity is polarization independent due to the circular symmetry of the cavities. However, as the incident angle is increased, the TM and TE polarized emissivity spectrums begin to diverge. In Fig. 4(a) , the TM polarized emissivity spectrum generally increases as the incident angle is increased. The diffraction thresholds from Eq. (3) are plotted in white. For wavelengths below the first order m = 1 diffraction line, the emissivity increases as the incident angle increases and peaks at around the Brewster angle of 70°
. At the Brewster angle, TM incident light transmits through the dielectric with zero reflections. At these wavelengths, the MPhC is no longer seen as a homogeneous material by the incident light since the cavity diameters are on the same order as the wavelengths. Simulations not shown here, reveal the Brewster angle peaks shift in incident angle as a function of arctan(n), which is consistent with Brewster angle theory [30] . Distinct emissivity peaks are observed at the overlap of the Brewster angle and the cavity modes.
As a comparison, the TE polarized emissivity spectrums of dielectric filled cavities as a function of incident angle are shown in Fig. 4(b) , where no Brewster angle effects are observed. As a result, the emissivity gradually decays as the incident angle is increased. The TM spectrum in Fig. 5(a) shows emission peaks above the cut-off wavelength at high incident angles, which is due to coupling into surface plasmon polariton (SPP) modes via Wood's anomaly at the diffraction order 1 m  . Since Wood's anomaly only occurs for TM incident light, the emission peaks above cut-off are absent in the TE polarized spectrum in Fig. 5(b) . Due to a lack of an air/dielectric boundary, no Brewster angle effects are observed in the TM case. High emissivity values are observed in the TM case for wavelengths less than 1.4 µm at incident angles up to 80°. Clearly the air filled cavities are more susceptible to nonideal diffractive effects than the dielectric filled cavities. Wood's anomaly can be observed in the TM spectrum but not the TE spectrum, as is consistent with theory. The dimension of the air filled cavities are the same as those shown in Fig. 3(a) .
Analysis: dielectric filled absorbers/emitters for STPVs
The efficiency of STPVs relies on the performance of absorbers, for efficient collection of sunlight as heat, and the emitters, for efficient thermal emission at wavelengths below the bandgap wavelength () g  . To understand the impact of the dielectric filled cavities on the performance of STPV systems, a simulation comparing them to air filled cavities is performed. The emitter designs are the same as shown in Figs. 3(c) and 3(d) . The absorber design uses a geometry designed for a cut-off of 1.75 µm for both the dielectric filled ( 0. and 0.9 a  µm). The performance for both cavity designs is evaluated based on the hemispherical emissivity which accounts for angularly-dependent properties and compared to the idealized performance assuming angularly-independent emissivity (computed at normal incidence). The hemispherical emissivities of the air filled cavities and dielectric filled cavities are calculated by Eq. (4) [31] . where C is amount of optical concentration, G s is the direct solar irradiance (900 W/m 2 for AM1.5D),  is the solar-weighted absorptance,  is the emittance, σ is the Stefan-Boltzmann constant, and T is the temperature of the MPhC absorber. For both the normal and the hemispherical spectral properties, the dielectric filled MPhCs show higher solar collection efficiency compared to the air filled cavities, as shown in Table 1 . The performance of the emitters was evaluated based on the spectral efficiency which compares the amount of emission below the PVC bandgap () 
Because of the angular robustness of the dielectric filled cavities there is no degradation of the spectral efficiency between the normal and hemispherical emitter properties. In contrast, the emitter spectral efficiency of the air filled cavities is degraded by approximately 10%, as shown in Table 1 . For a direct comparison of the dielectric filled cavities versus the air filled cavities, the hemispherical efficiencies of the absorber design and emitter design increased by 7% and 15.7%, respectively. These results demonstrate the importance of the angular robustness in terms of efficiency. Another important metric for both TPV and STPV systems is the converted output power density of the PVC. The actual power conversion is also highly dependent on the angular absorption of the PVC. However, here we focus solely on the selective absorber/emitter comparing unfilled and filled MPhC designs, and hence we consider the output power density when the emitter is coupled to an idealized PVC (E g = 0.556 eV or g  = 2.22 µm). The converted power density from the PVC is calculated by [32] where P D is the converted power density,  є is the hemispherical emissivity from Eq. (4), h is Planck's constant, c is the speed of light,  is the wavelength of light, k B is the Boltzmann constant, T is the temperature, and g  is the bandgap wavelength of the PVC [31] . The term / g  represents the fraction of the photon energy that can be utilized by the PVC, which is due to thermalization for photon wavelengths below the bandgap wavelength [22] .
The calculated converted power densities for the dielectric filled and air filled MPhC designs are shown in Table 2 . A converted power density increase of 33.5% is observed for the dielectric filled MPhC design. The large converted power density increase is due to the overlap of both the peak black body distribution and the peak of the / g Table 2 shows the increased converted power density from the PVC using the dielectric filled MPhC as compared to the air filled MPhC. The temperature of the emitter is again chosen to be 1300 K which corresponds to both the bandgap of the PVC ( 
Conclusion
We demonstrate the theory and simulation of the dielectric filled MPhC for wide angle absorption/emission properties for the application of TPV systems. We have shown that the dielectric in the cavities reduces the period of the MPhC while maintaining a constant cut-off wavelength c  , thus reducing undesired diffraction losses at oblique angles. By eliminating diffraction channels at oblique angles, the coupling of the incident light to the cavity modes is significantly increased. As a result, the absorption/emission of dielectric filled MPhC at oblique angles is significantly improved when compared to air filled cavities. We calculate that the minimum ratio of incident wavelength to period ( / ) a  need only be a factor of 2 to avoid diffraction losses up to 90° for the cut-off wavelength. A STPV analysis using the dielectric filled cavities is performed, which shows a 7% and 15.7% improvement for the absorber and emitter efficiency, respectively, in comparison with the air filled cavities. The converted output power density is also increased by 33.5% for the dielectric filled MPhC design.
